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Abstract The penumbra of a sunspot is a fascinating phenomenon featuring complex velocity and magnetic fields.
It challenges both our understanding of radiative magneto-convection and our means to measure and derive the
actual geometry of the magnetic and velocity fields. In this contribution we attempt to summarize the present
state-of-the-art from an observational and a theoretical perspective.
We describe spectro-polarimetric measurements which reveal that the penumbra is inhomogeneous, changing
the modulus and the direction of the velocity, and the strength and the inclination of the magnetic field with
depth, i.e., along the line-of-sight, and on spatial scales below 0.5 arcsec. Yet, many details of the small-scale
geometry of the fields are still unclear such that the small scale inhomogeneities await a consistent explanation.
A simple model which relies on magnetic flux tubes evolving in a penumbral ”background” reproduces some
properties of sunspot inhomogeneities, like its filamentation, its strong (Evershed-) outflows, and its uncombed
geometry, but it encounters some problems in explaining the penumbral heat transport. Another model approach,
which can explain the heat transport and long bright filaments, but fails to explain the Evershed flow, relies on
elongated convective cells, either field-free as in the gappy penumbra or filled with horizontal magnetic field as in
Danielson’s convective rolls. Such simplified models fail to give a consistent picture of all observational aspects,
and it is clear that we need a more sophisticated description of the penumbra, that must result from simulations
of radiative magneto-convection in inclined magnetic fields. First results of such simulations are discussed. The
understanding of the small-scales will then be the key to understand the global structure and the large-scale
stability of sunspots.
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1 Introduction
Magnetic fields on the Sun exist in a large variety of phenomena and interact in various ways with the plasma and
the radiation. In the convection zone large and small scale magnetic fields are generated. These magnetic fields
are partially transported into the outer layers of the Sun, i.e., into the chromosphere and the corona. The most
prominent example of a magnetic phenomenon is a sunspot as seen in the photosphere. A typical sunspot has a
lifetime of a few weeks and has a size of about 30 granules. The magnetic field strength spans from 1000 to 3000
Gauss in the deep photosphere, summing up to a magnetic flux of some 1022 Mx.
The magnetic field of a sunspot extends into the interior as well as into the outer layers of the Sun. The most
detailed information of sunspots is obtained in the photosphere. The topology of the magnetic field above and
beneath the photosphere is poorly understood. In particular our knowledge of the magnetic field extension into the
interior presents a theoretical challenge. Direct measurements of the sub-photospheric structure are impossible,
but at least for the larger scales, indirect methods are being explored in the framework of local helioseismology
(cf. Gizon, these proceedings).
Time scales: Although the sunspot is a coherent phenomenon on large spatial and temporal scales, it seems
crucial to realize that it is not static, but finds a dynamical equilibrium: A variety of small-scale features evolve
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2on a dynamic time scale to produce a large-scale coherent structure on long time scales. This ”fine structure”
is complex and is seen in white light images in form of umbral dots, light bridges, bright and dark penumbral
filaments, penumbral grains, dark-cored bright filaments, penumbral twists, and other features. This intensity fine
structure corresponds to a fine structure of the velocity field and the magnetic field, which will be described below.
The dynamic fine structure forms a globally stable sunspot and it is the goal of sunspot physics to understand
how an ensemble of short-lived features with small scales is organized to form a coherent large and long-living
sunspot.
2 Energy transport in umbra and penumbra
The coolness of sunspots relative to the surrounding quiet Sun is readily explained by the tension of the magnetic
field which tends to suppress convective motions. It is more difficult to understand why sunspots are as hot as
they are: Neither radiative transport nor heat conduction can account for the surface brightness of sunspots.
Hence convection cannot be fully suppressed and the energy must be transported by convective flows. Indeed,
the fine structure manifests the inhomogeneities of the magnetic and velocity field and testifies that the energy
transport in sunspots happens on small spatial scales by the motion of plasma. Yet, the crucial question is about
the interaction between convective flows, the magnetic field, and the radiation. Are the flows non-magnetic or
magnetic? What is their intrinsic spatial scale? Do coherent up- and downflows exist, similar to the granulation
in the quiet Sun?
Jelly fish and field-free gaps: Parker (1979) has introduced the jelly fish model in which the sub-photospheric
magnetic field separates into individual bundles of field lines, resulting in gaps free of magnetic field. The gaps
between these bundles open up into very deep layers, being connected to the quiet Sun convection. Within these
cracks, the field-free plasma would convect and transport heat upwards. An umbral dot would correspond to the
peak of a field-free gap. More recently, Spruit & Scharmer (2006) suggested that such field-free gaps in the inclined
magnetic field of the penumbra may result in elongated bright filaments, instead of in point-like dots, thereby
proposing an explanation for the brightness of the penumbra. The surplus brightness of the penumbra relative
to the umbra would then be due to the fact that the convective cell can become larger in the more inclined and
weaker magnetic field as in the less inclined (more vertical) and stronger field of the umbra.
Stability of sunspots and monolithic models: Sunspots are stable relative to the dynamical time, i.e., Alfve´n waves
are estimated to travel across a spot in about 1h, while the life time is in order of weeks. How can it be that all this
dynamic fine structure constitutes a spot which is stable? The question of stability can be addressed if one assumes
a ”simple” vertical magnetohydrostatic magnetic flux tube that fans out with heigth. In such models the heat
transport is attributed to (magneto-) convection, but is parametrized by a reduced mixing length parameter (Jahn
1989, Deinzer 1965). The dynamic fine structure is ignored and only their averaged effect on the stratification
for umbra and penumbra is accounted for. The configuration is in magneto-static equilibrium together with a
hydrostatic equilibrium vertically and with a total pressure balance between the umbra, penumbra, and quiet Sun
horizontally (see e.g. Jahn & Schmidt 1994, Pizzo 1990). This configuration can be stable against the interchange
instability (Meyer et al. 1977), at least in the first 5 Mm or so beneath the photosphere (Jahn 1997). In these
upper layers of the convection zone the inclination of the interface between spot and surrounding is so large that
buoyancy forces make the spot to float on the granulation. In deeper layers, beyond 5 Mm, the inclination of the
outermost magnetic field line, i.e., the magnetopause, is small relative to the vertical. There, interchange (fluting)
instability is no longer suppressed by buoyancy effects, and the magnetic configuration of a monolithic sunspot
is unstable. Indeed, it has been proposed that the magnetic field strength progressively weakens in these deep
layers shortly after the formation of a sunspot. The decreasing field strength, the convective motions, and the
interchange instability dynamically disrupt the sunspot magnetic field from the deeper roots (Schu¨ssler & Rempel
2005). Hence, the magnetic field in the deeper layers may be dispersed, but the floating part of the sunspot is
stable.
3 Inhomogeneities in umbra and penumbra
For an extensive review of the sunspot structure, we refer the reader to an instructive overview by Solanki (2003).
33.1 Umbral dots
The umbra of a sunspot harbors dynamic inhomogeneities. They are observed as dot-like bright spots with typical
sizes of half an arcsec or less, embedded in a more uniform and darker background. These umbral dots seem to
be present in all sunspots, although their intensity varies a lot. In some spots they can be almost as bright as
bright penumbral filaments, in other spots their intensity is much smaller. In the latter case, the dot-like intensity
variations occurs in a background that also shows a lower intensity.
The physics of umbral dots: Umbral dots are an obvious signature of convection, yet it is not so obvious to
understand the type of convection that leads to umbral dots. In the field-free gap idea of Parker, the convection
is confined by the strong surrounding magnetic field, such that the column of convection narrows upwards and
only a small brightening is seen at the surface. Observationally, it is established that the magnetic field in umbral
dots is weaker than in the surroundings and that an upflow of at least a few hundred m/s is associated with them
(Socas-Navarro et al. 2004, Rimmele 2004, 2008, Bharti et al. 2007). The latter two observations also establish
the presence of dark lanes across umbral dots.
The most recent simulations of radiatively driven magneto-convection in strong vertical magnetic field (Schu¨ssler
& Vo¨gler 2006) result in local convective cells which produce umbral dots as well as their dark lanes. These cells
barely touch the photosphere, similar as in Parker’s idea. The cells extend downward for a few Mm, in the first 1
Mm the cells have a weak magnetic field strength. The weak field strength is caused by magnetic flux expulsion,
i.e. convection advects the magnetic field (as in Weiss 1964). In the simulations the magnetic field strength in
the cells amounts to a few hundred Gauss, but this number may decrease if magnetic dissipation is reduced in
more advanced simulation runs. In any case, in deeper layers the magnetic field strength increases considerably.
Hence the cells do not connect to field-free plasma in deeper layers. In this respect these new simulations change
our model vision of umbral dots. Now, we may conceive that the umbra is an overall monolithic fully magnetic
structure, in which the fine structure is a local disturbance. The dots are produced locally by magneto-convection
processes, which are needed for the energy transport.
3.2 Penumbral inhomogeneities
3.2.1 Morphological description
The penumbra is a manifestation of small-scale structure. The variety of the penumbral intensity fine structure is
described in detail in the contribution to this volume by Go¨ran Scharmer. In essence, there are bright and dark
filaments, as well as penumbral grains. It turns out that bright filaments have dark cores (Scharmer et al. 2002,
Su¨tterlin et al. 2004) and that intensity twists exist along bright filaments (Ichimoto et al. 2007b) on spatial scales
of about 0.2 arcsec. The challenge consists in measuring the spectroscopic and spectropolarimetric signatures of
this fine structure in order to derive their thermodynamic properties as well as their velocity and magnetic field.
Only recently, with the technological advance of adaptive optics and with observations from space, it has become
possible to acquire such high spatial resolution data for exposure times as long as 5 sec or more. This is a necessity
to collect enough photons to have high spatial, spectral, and polarimetric resolution.
At a spatial resolution of better than half an arcsec, it can be demonstrated that not only the intensity
and velocity, but also the magnetic field concists of a filamentary structure (Title et al. 1993, Langhans et al.
2005, Tritschler et al. 2007, Ichimoto et al. 2007a, 2008). Actually, at a spatial resolution of better than half
an arcsec, all physical quantities in the penumbra show small-scale variations and predominantly filamentary
(radially elongated) features.
However, the penumbra looks fairly uniform at a spatial resolution worse than 1 arc sec. At this lower spatial
resolution, i.e. in average, the penumbra is brighter than the umbra, but less bright than in the surrounding
granulation. But even if the penumbra is less bright in average, the small scale peak-to-peak intensity variation
in the penumbra is larger than in the granulation, and the spatial scales of the variations are smaller than in the
granulation. The same is true for velocities in the penumbra. Line-of-sight velocities in the penumbra of more than
5 km/s have been derived from Doppler shifts of photospheric lines (e.g., Wiehr 1995) and radial flow channels
with widths of less than half an arcsec are observed (e.g., Tritschler et al. 2004, Rimmele & Marino 2006).
3.2.2 Evershed flow, uncombed magnetic field, and NCP
For understanding the nature of the penumbral fine structure, it is essential to know the topology of the velocity
field and the magnetic field. The first attempt to measure the flow field was undertaken by Evershed in 1908
(see Evershed, 1909) in order to test Hale’s tornado theory of sunspots. Yet, instead of a circular flow, Evershed
4Fig. 1 Maps of intensity, LOS velocity, and circular polarization of sunspot (12 Nov 2006, θ = 30◦) from Fe I 630.2 nm
taken with the spectropolarimeter SP attached to the SOT onboard Hinode.
found a radial outflow of plasma, and until today we lack a consistent theory for sunspots. Before we discuss the
progress in modeling the characteristic feature of the penumbra, we discuss important observational aspects.
The flow field: With high spatial resolution, it is now established that the flow has a filamentary structure
(Tritschler et al. 2004, Rimmele & Marino 2006). On average, the flow has a small upward component in the inner
penumbra and a small downward component in the outer penumbra (Schlichenmaier & Schmidt 2000, Schmidt &
Schlichenmaier 2000, Tritschler et al. 2004, Langhans et al. 2005). Recent observations have revealed that radially
aligned up- and downflows exist on small scales next to each other (Sainz Dalda & Bellot Rubio 2008). Regarding
5the photospheric height at which the flow exists, there is convincing evidence that the flow is predominantly
present in the very deep photosphere, i.e., beneath τ = 0.1 (Maltby 1964, Schlichenmaier et al. 2004, Bellot Rubio
et al. 2006). The flow velocities measured in the penumbra are substantially larger than what is measured in the
granulation. Individual penumbral profiles exhibit line satellites that are Doppler shifted by up to 8 km/s (e.g.,
Wiehr 1995). From inversions, velocities well above 10 km/s have been found by del Toro Iniesta et al. (2001).
Bellot Rubio et al. (2004) find an azimuthally averaged Evershed flow velocity of about 6.5 km/s, with local peaks
of more than 10 km/s, based on two component inversions (see below). The small-scale flow field of dark cored
bright filaments is discussed in the context of convective roll models (at the end of Sect. 4.1).
The magnetic field: Attempts to describe the magnetic field as being uniform along the line of sight are clearly
inconsistent with the measured Stokes Q(λ), U(λ), and V (λ) profiles (e.g., Westendorp Plaza et al. 2001a, 2001b).
In particular, the penumbral V-profiles with 3 or more lobes cannot be explained by one component, even if
unresolved Doppler-shifted components are assumed (Schlichenmaier & Collados 2002). Therefore, it was proposed
that the magnetic field is interlocked or in other words uncombed (Solanki & Montavon 1993). In order to keep
things as simple as possible, the magnetic field is assumed to have two components with different directions. Indeed,
if the observed Stokes profiles with a spatial resolution of about 1 arcsec are interpreted with two components by
means of inversions techniques, the fit to the observations is much better than with only one component (Bellot
Rubio 2004, Bellot Rubio et al. 2003, 2004, Borrero et al. 2004, 2005, Beck 2008). Such inversions yield one less
inclined magnetic component that is only slightly Doppler shifted, and a second magnetic field component that is
somewhat weaker and more inclined, i.e., approximately horizontal. This second component carries the Evershed
flow, with spatially averaged flow speeds of about 6.5 km/s.
These inversions also show that the magnetic field of the second component is aligned with the associated
flow, pointing slightly upwards in the inner and slightly downward in the outer penumbra. The inclination of
the first magnetic field component increases from some 30 degree at the umbral-penumbral boundary to some
60 degrees at the outer penumbral boundary. Inversions which are optimized to locate the width and height of
the flow layer find that the flow is present in the very deep atmosphere, in the continuum forming layers (Bellot
Rubio 2003, Borrero et al. 2006, Jurcak et al. 2007, Jurcak & Bellot Rubio 2008). Indeed, the width can hardly
be determined, since the lower end of the flow layer is found to be beneath τ = 1.
At 0.3 arcsec spatial resolution, spectropolarimetric measurements reveal that, at least in the inner penumbra,
the more inclined magnetic component which carries the flow is associated with the dark cored bright filaments.
Individual dark cores have a smaller degree of circular polarization than their lateral brightenings (Langhans et
al. 2007). A thorough analysis shows that the latter statement is also true for the total polarization and that the
dark core magnetic field is weaker and more inclined than in the lateral brightenings (Bellot Rubio et al. 2007).
Additionally, these studies confirm that the dark cores harbor strong Evershed flows.
The magnetic canopy: Outside the white-light boundary of the penumbra, the inclined magnetic field continues
into the chromosphere, forming a magnetic chromospheric canopy in the surroundings of the sunspot, rising with
distance to the spot up to a height of approximately 800 km (Solanki et al. 1992). In the canopy a radial outflow
is present which is interpreted as the continuation of the Evershed flow (Solanki et al. 1992, Rezaei et al. 2006).
However, it is estimated that only a few tenth of the flow mass is seen in the canopy. The rest of the penumbral
Evershed flow must disappear within the penumbral downflow regions.
The net circular polarization (NCP): The NCP,
∫
V (λ) dλ, is a quantity that intimately links the flow and the
magnetic field: NCP can only be non-zero, if and only if velocity gradients along the line of sight are present
(e.g., Sanchez Almeida & Lites 1992). The magnitude and the size of the NCP depends on the gradient of the line
of sight velocity, but also on the gradients in the magnetic field strength, inclination, and azimuth (Landolfi &
Landi degl’Innocenti 1996, Mu¨ller et al. 2002, 2006, Borrero et al. 2008). A predominantly horizontal flow channel
embedded in a less inclined background magnetic field successfully explains some symmetry properties of NCP
maps of sunspots (Schlichenmaier et al. 2002) as well as some properties of the center to limb variation of NCP
(Martinez Pillet 2000, Borrero et al. 2007).
Yet, some recent interpretations of NCP maps require that the flow component should be associated with
stronger magnetic field (Tritschler et al. 2007, Ichimoto et al. 2008), rather than being associated with the same
or weaker magnetic field in the flow channels, as we would expect from the models. Since there are also other
indications for these stronger magnetic fields (e.g., Bellot Rubio 2003, Cabrera Solana et al. 2008, Borrero &
Solanki 2008), the concept of embedded flow channels will need to be reviewed taking into account these new
measurements.
6Magnetized or non-magnetized flow: In terms of modeling the Evershed flow, it is crucial to know whether or not
the flow is magnetized. While NCP can be generated by a field-free flow in a magnetized environment (e.g., Steiner
2000), the observed V profiles in certain locations in the penumbra show more than two lobes (e.g., Schlichenmaier
& Collados 2002, Beck 2008). These additional lobes must be generated by an additional magnetic component: A
non-magnetic component may produce a line asymmetry of Stokes-I and a non-zero NCP, but it cannot produce
additional lobes in Stokes-V . For this it needs to be magnetized! And after all, the inversion results based on two
components (see above) demonstrate that the Doppler-shifted ”second” component is magnetized. Hence, we are
convinced that any model for the penumbra needs to account for a magnetized Evershed flow.
4 Penumbral Models
The previous section stresses the point that the penumbra is a phenomenon of complex interaction of magneto-
convective forces and radiation in a regime of inclined magnetic field of intermediate strength. One simplified
view on this problem is to consider a separation between convective plumes and a magnetic configuration as it is
done in the field-free gap model. Another simplified view is by dealing with the problem in ideal MHD, in which
the thin flux tube approximation is applicable. The latter perspective is taken in the siphon flow model and the
dynamic extension of it, the moving tube model. Yet, for a full understanding it seems necessary to take into
account dissipative magneto-convection driven by radiation. But we want to stress that simplified models often
help to isolate the dominating physical processes, and to understand the essentials.
4.1 Convective models
Originally proposed by Parker to explain the umbral dots, Spruit & Scharmer (2006) and Scharmer & Spruit
(2006) extended the concept of the field-free gaps to explain the bright penumbral filaments and they realized
that such a configuration may also produce the dark cores within bright filaments, caused by a subtle radiative
effect at the top of the field-free gap. The idea of field-free gaps in the penumbra is that the inclined penumbral
magnetic field produces bright elongations instead of dots. The gaps are supposed to be void of magnetic field
and to be connected to the surrounding quiet Sun. Within the gaps, overturning convection transports ample
amounts of heat which would account for the brightness of the penumbra. The convective flow field is directed
upwards along the central lane of the filament and downward at the edges of the long sides of the filaments.
Within the field-free gap there may exist a radial outflow that corresponds to the Evershed flow. The problem
with this description is that the Evershed flow which is observed to be magnetized need to be non-magnetized in
the field-free gap.
The field-free gap model is in many respects similar to the model of the convective rolls proposed in 1961 by
Danielson (see also Grosser 1991 for a numerical investigation on this model). Convective rolls lie radially aligned
next to each other. Two such rolls would form one filament as they rotate in opposite direction, producing an
upflow in the central lane and a downflow at the lateral lanes. Danielson assumed that a horizontal magnetic field
component would be associated with the rolls. This model has been discarded for two reasons: (1) There was no
evidence for the corresponding convective flow field, and (2) a major fraction of the magnetic flux in the penumbra
is directed upwards, and not horizontal. However, reason (1) depends on spatial resolution and the issue is not
settled yet, as we cannot rule out the existence small amplitude vertical motions of a few hundred m/s. Reason (2)
could be overcome by assuming that the rolls are separated by less inclined (more vertical) magnetic field lines,
which constitute a more or less static background magnetic field. And, magnetized rolls interlaced by a static
background field that is less inclined relative to the vertical would also meet the observational requirements of
two magnetic components in the penumbra. In this respect, at least in principle, it is possible that the horizontal
magnetic component carries an Evershed flow.
The problem here is that – up to now – there is only little support for downflows along the edges of bright
filaments, although there is some indication for weak upflows within the dark cores (e.g., Zakharov et al. 2008).
Rimmele (2008) does find a convective-roll like flow field in a filament that extends into the umbra for a sunspot
close to disk center, while Bellot Rubio et al. (2005) did not find indications for up and down flows associated
with a dark-cored bright filament at disk center. Zakharov et al. (2008) observe a very small downward velocity
component. The latter authors argue that the downflow may be obscured by the upflows, and that convective rolls
exist. Hence, the crucial question of vertical flows in the penumbra needs to be reconsidered. In order to minimize
the effects of the horizontal radial outflow and of possible flows in azimuthal direction, sunspot observations at
disk center are needed to learn about the presumably small vertical flow component.
74.2 Ideal magneto-convection
Another simplified view of the problem is by restricting oneself to ideal MHD. In the self-consistent magneto-static
tripartite sunspot model of Jahn & Schmidt (1994) the surplus brightness of the penumbra relative to the umbra
is produced by a heat transfer through the magnetopause, i.e. through the interface between the quiet Sun and the
penumbra. This additional heat is thought to be distributed horizontally by interchange convection of magnetic
flux tubes. The idea of dynamic magnetic flux tubes is compatible with the observationally finding of multiple
magnetic components in the penumbra.
This motivated the study of the dynamics of a single thin magnetic flux tube as it evolves in a 2D static model
background (Schlichenmaier et al. 1998a,b). However, these studies did not confirm the concept of interchanging
magnetic flux tubes which distribute heat horizontally. Instead, these studies created a new picture: The simulated
tube lies along the magnetopause of the tripartite sunspot model and is taken to be a bundle of magnetic field lines
with penumbral properties. Initially the tube is in magneto-static equilibrium. However, at a magnetopause that
is sufficiently inclined, radiative heat exchange between the tube and the hotter quiet Sun triggers an instability:
A thin magnetic flux tube that initially lies along the magnetopause, (a) feels the hotter quiet Sun, (b) heats up
by radiation most effectively just beneath the photosphere, (c) expands, (d) rises through the subphotospheric
convectively unstable stratification, and (e) develops an upflow along the tube, which brings hot subphotospheric
plasma into the photosphere. (f) This hot upflow cools radiatively in the photosphere and streams radially outwards
with supercritical velocity. The radiative cooling sustains the gas pressure gradient that drives the flow. (g) The
ouflow intrudes the convectively stable photosphere up to a height of some 50 to 100 km. The equilibrium height
is determined by the balance of the diamagnetic force which pulls the conducting tube upwards toward decreasing
magnetic field strength and the downward acting buoyancy which increases as the tube is being pulled up in a
convectively stable stratification.
Weak magnetic field at footpoint: The gas pressure gradient that drives the flow is caused by a surplus gas pressure
building up inside the part of the tube that rises through the subphotospheric stratification. At the foot-point,
i.e., the intersection of the tube with the transition layer from convectively unstable to stable, the gas pressure
is high, and in order to balance the total pressure with the surroundings, the magnetic field strength is strongly
decreased relative to the surroundings. In this sense the upflow foot-points can be considered as regions of weak
magnetic field strength. In other words, the moving tube model is a magneto-convective mode which consists of
a region of weak-field plasma that harbors hot up-flows and that travels inwards.
In principle the effect leading to the up and out flow works like an inverse convective collapse: In the classical
convective collapse the plasma in the tube is cooled and a downflow occurs. Here, the heating of the plasma
results in an upflow, and consequently the magnetic field strength in the tube decreases as the flow continues. In
the photosphere, the gas pressure gradient is sustained by radiative cooling.
The moving tube scenario successfully explains a number of observational findings: (i) Penumbral grains are
the photospheric footpoints of the tube, where the hot and bright plasma enters the photosphere. (ii) The upflow
turns horizontally outwards in the photosphere and cools radiatively until it reaches temperature equilibrium. This
determines the length of the penumbral grains. (iii) The footpoints migrate inward, as many observed penumbral
grains do (e.g., Sobotka & Su¨tterlin 2001). (iv) The horizontal outflow corresponds to the Evershed flow. (v) The
tube constitutes a flow channel being embedded in a background magnetic field. This is in agreement with the
uncombed penumbra, and produces realistic maps of NCP.
Magneto-convective overshoot: An interesting effect that can be studied with the idealized moving tube model, is
related to overshooting (Schlichenmaier 2002, 2003). The upflow shoots into the convectively stable photosphere,
and is turned horizontally by the magnetic curvature forces along the tube. The dominating forces here are the
centrifugal force of the flow, κρv2 and the magnetic curvature force, κB2/(4pi), with κ being the curvature. In
equilibrium v equals vA, with vA being the Alfve´n velocity. During the evolution of the tube the velocity is
roughly constant, but the magnetic field strength and hence vA decreases leading to an overshoot, which creates
an oscillation of the outflow around its equilibrium position such that the tube adopts a wave-like shape, i.e. the
plasma first shoots up and then down, again passing the equilibrium position. Such a wave can be considered
quasi-stationary, and the crest of such a wave can be compared with the properties of a Siphon flow (see below).
Hence, the flow yields a serpentine shape, looking like a sea serpent, and evidence for such radially aligned up and
down flows has been presented by Sainz Dalda & Bellot Rubio (2008). The amplitude of this wave increases as
the magnetic field strength decreases, and eventually the downflow part dives in the sub-photosphere. There the
stratification is convectively unstable and the magnetic flux tube experiences a dynamic evolution, that produces
outward propagating waves. This scenario produces down-flows and makes the tube to disappear within the
penumbra. Thereby it would solve a problem of the moving tube model: the out-flow would not extend into the
surrounding canopy, but would disappear within the penumbra, as it is observed.
8Serpentine flow: Such a two-dimensional serpentine solution was criticized to be unstable in three dimensions
(Thomas 2005), arguing that buoyancy forces make the wavy tube to fall over sideways. But this argument is not
valid, since the influence of the upflow at the footpoint of the tube is not taken into account. At the footpoint the
plasma is ejected upwards into the photosphere and due to conservation of momentum, the plasma overshoots
and follows an up- and down wavy behavior. The fact that the density at the upper crest is larger than in the
surroundings does not make the tube to fall over. As an analogy, one may think of a jet of water directed upwards
with a garden hose. As long as the jet is pointing upwards with the hose (at the footpoint), the jet of water
will not fall over. The jet of water will not fall over, even though the density of water is larger than that of the
surrounding air. Since the footpoint of the up-flowing flux tube and its inclination is constrained, the boundary
condition circumvents the wavy flow to fall over. Therefore the argument of Thomas (2005) is only true for a
serpentine flow without a footpoint, and is not applicable here.
Siphon flows: Siphon flow arches are stationary magnetic flux tube models, which were proposed to explain
the Evershed flow (e.g., Meyer & Schmidt 1968, Thomas 1988, Degenhardt 1991, Thomas & Montesinos 1991).
This class of models makes the ad hoc assumption of different magnetic field strengths at the two foot-points of a
magnetic arch, which is responsible for a gas pressure gradient along the tube driving the flow. In the dynamic sea-
serpent solutions (see above) a quasi-stationary solution exists (Schlichenmaier 2003). This solution corresponds
to one (out of four) particular Siphon flow solution: a flow with a supercritical flow speed along the arch.
Heat transport: Temporal measurements of the intensity evolution rule out the existence of interchange convection
(Solanki & Ru¨edi 2003), and also, the numerical work of the moving tube model did not confirm the concept of
interchange convection of magnetic flux tubes as the heating mechanism for the surplus brightness of the penumbra:
A crucial result of the numerical investigation is that a tube rises and develops an upflow, but the upflow does
not stop nor does the tube sink back down to the magnetopause. Hence, instead of interchange convection the
moving tube simulations suggests that the heating occurs in form of upflow channels along magnetic field lines.
Ruiz Cobo & Bellot Rubio (2008) demonstrate that such an up-flow is capable to account for the brightness of
the penumbra and that such up-flows can produce dark-cored bright filaments with a length of up to 3 Mm. Yet,
even if such up flows can transport enough heat to account for the brightness of the penumbra, Schlichenmaier
& Solanki (2003) have shown, that downflows within the penumbra are obligatory: There is not enough space for
the magnetic flux associated with the up flows, such that down flows must remove the magnetic flux from the
photosphere. In this respect, the overshoot scenario (serpentine flow) may help: the hot up-flow cools and the
cool down-flow heats up in the hot sub-photosphere, and re-enters the photosphere as a hot upflow. Hence, the
moving tube scenario encounters problems in accounting for sufficient heat transport, but there are ways to solve
the heat transport problem with channeled flows. And these channeled flows are driven by radiative cooling.
4.3 Non-ideal magneto-hydrodynamics
Before we continue with well accepted model descriptions of the penumbra, we also want to mention an off-track
approach by Kuhn & Morgan (2006) who argue that in the photosphere of a cool spot a large fraction of the
plasma is neutral. A simplified consideration with two fluid components, one neutral and one ionized, yields an
outward plasma flow driven by osmotic pressure. Whether or not such an effect and such a non-magnetic flow is
realized on the Sun is not known, but it does not explain the observed Evershed flow, since the observed flow is
magnetized.
4.4 Radiative magneto-convection
A better understanding of the sunspot penumbra is expected from numerical simulations of radiative magneto-
convection in inclined magnetic fields. First results of such simulations (Heinemann et al. 2007; Scharmer et al.
2008, Rempel, Schu¨ssler, & Kno¨lker 2008) consider 3D boxes solving for the full set of MHD equations including
the (grey) radiative transport. These simulations consider a slice through the diameter of a round sunspot,
including the umbra, the penumbra, and the surrounding quiet Sun. Assuming that the penumbral filament width
is very small relative to the radius, the slice has a rectangular geometry with periodic boundary conditions in
the horizontal directions. These simulations are still not able to produce a mature penumbra, but they succeed
in reproducing single elongated filaments with lengths of up to a few Mm which resemble in many ways what is
observed as thin light bridges and penumbral filaments of the inner penumbra.
The heating of these filaments does not occur by a single hot upflow channel, but rather in a form of a
vertically elongated convective roll: a central lane of upflow, associated with two adjacent lanes of donwnflow.
9One convective cell has a vertical extension of some 500 km, while its lateral thickness is little less than 500
km. The vertical component of the magnetic field seems to become expelled by the convective flow, such that
the convective cell is associated with more horizontal magnetic field. In this sense, these simulation results are a
revival of the convective rolls proposed by Danielson in 1961. But in contrast to the Danielson rolls, the filaments
in the simulations are interlaced with less inclined stronger magnetic field than in the filaments, and the rolls are
elongated in depth.
The simulated penumbral filaments resemble light bridges with an inner upflow and two lateral downflows
forming two apparent rolls as observed e.g. by Rimmele (2008). As the magnetic field becomes more inclined
relative to the vertical, the upflow has an increasing horizontal outflow component. This horizontal outflow
component increases with heigth, culminating in the photosphere. This horizontal flow is already present in the
umbral dot simulations of Schu¨ssler & Vo¨gler (2006), but in an environment of more inclined magnetic fields this
horizontal flow component becomes stronger. However, at this stage, the horizontal velocities in the simulations
are only a little larger than the vertical velocities of the convective roll, while the state-of-the-art observations
retrieve a horizontal velocity that is roughly a factor of 20 (10 km/s compared to < 0.5 km/s) larger than the
vertical velocity. In that sense the simulation fail to reproduce the Evershed effect, but there are indications that
the simulated horizontal velocity component increases with more inclined magnetic field, and future simulations
that may exhibit a fully developed penumbra and more inclined magnetic fields are expected to develop stronger
horizontal flows, thereby reproducing the Evershed flow.
In the present MHD simulations the energy transport in umbral dots, light bridges, and filaments in the inner
penumbra is accomplished by a magneto-convective mode, which may be characterized as convective elongated
cells. Yet, these simulations do not exhibit a mature penumbra and the associated Evershed flow. It remains to be
seen whether this magnetoconvective mode is also capable to reproduce a mature penumbra, or wether another
magnetoconvective mode exists in the outer penumbra.
5 Conclusions
To explain different aspects of the penumbral properties two ”simple” model classes have been proposed for the
penumbra: (a) The moving magnetic flux tube models assumes ideal MHD, in which flows channeled by magnetic
fields account for the filamentation, the Evershed flow, and the line asymmetries. (b) The gappy penumbra and
convective rolls, which assume elongated convection cells to account for the surplus brightness of the penumbra.
Neither of these simple models can account for all observational aspects: The moving tube scenario has problems
to reproduce the overall down-flow in the outer penumbra and to account for all of the energy transport, while
the elongated convective cells fail to produce an Evershed flow. The recent 3D box simulations of the full set of
MHD equations show that magneto-convective heat transport may take place in elongated pancakes similar to
what was proposed by Danielson. These simulations produce elongated convective cells which are associated with
horizontal magnetic fields with weaker strengths, but in contrast to Danielson’s proposal the horizontal rolls with
horizontal magnetic fields are embedded in stronger and more vertical magnetic field. This latter magnetic field
component would form a more or less static background.
Considering the state-of-the-art of observational results and theoretical modeling, we conclude that there
is evidence for both, a channeled flow with velocities of more than 5 km/s producing the Evershed flow, while
the new 3D simulations suggest the existence of elongated convective rolls with much smaller up- and downflow
velocities in the order 0.5 km/s. It may well be that the penumbra is a superposition of both, channeled flows
above convective rolls, but at this point, we do not know. More advanced simulations will ultimately produce a
fully developed penumbra, and by then it will be possible to understand how an ensemble of dynamic filaments is
capable to form a stable penumbra, and how the penumbra is heated. Finally, the questions of sunspot stability
and how sunspots form, evolve, and decay can be addressed.
Yet, at this point, the models are not fully consistent with obervational facts. In particular it remains to be
seen whether the flow pattern of convective rolls can be measured, and whether the observed penumbral line
asymmetries in the Stokes parameters including the NCP can be reproduced by such models. Spectropolarimetric
measurements need to have a spatial resolution of better than 0.1 arcsec to be comparable to the models.
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